Diatoms are eukaryotic microalgae that produce species-specifically structured cell walls made of SiO 2 (silica). Formation of the intricate silica structures of diatoms is regarded as a paradigm for biomolecule-controlled self-assembly of three-dimensional, nano-to microscale-patterned inorganic materials. Silica formation involves long-chain polyamines and phosphoproteins (silaffins and silacidins), which are readily soluble in water, and spontaneously form dynamic supramolecular assemblies that accelerate silica deposition and influence silica morphogenesis in vitro. However, synthesis of diatom-like silica structure in vitro has not yet been accomplished, indicating that additional components are required. Here we describe the discovery and intracellular location of six novel proteins (cingulins) that are integral components of a silica-forming organic matrix (microrings) in the diatom Thalassiosira pseudonana. The cingulin-containing microrings are specifically associated with girdle bands, which constitute a substantial part of diatom biosilica. Remarkably, the microrings exhibit protein-based nanopatterns that closely resemble characteristic features of the girdle band silica nanopatterns. Upon the addition of silicic acid the microrings become rapidly mineralized in vitro generating nanopatterned silica replicas of the microring structures. A silica-forming organic matrix with characteristic nanopatterns was also discovered in the diatom Coscinodiscus wailesii, which suggests that preassembled protein-based templates might be general components of the cellular machinery for silica morphogenesis in diatoms. These data provide fundamentally new insight into the molecular mechanisms of biological silica morphogenesis, and may lead to the development of self-assembled 3D mineral forming protein scaffolds with designed nanopatterns for a host of applications in nanotechnology.
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biomineralization | GFP | silica deposition vesicle | bioinformatics F ormation of amorphous, hydrated SiO 2 (silica) by diatoms is a prominent example for the biological formation of inorganic materials (biomineralization) (1, 2) . The diatom Thalassiosira pseudonana has emerged as the model diatom species for the study of silica biomineralization as its complete genome sequence is available, and a method for genetic transformation has been established (3, 4) . Emerging insight into the molecular mechanisms of silica biomineralization in diatoms has already led to unique routes for low temperature syntheses of nanopatterned inorganic materials, thus demonstrating the value of these studies for materials technology (3, 5) .
To date the discovery of biomolecules involved in diatom silica formation (silaffins, silacidins, long-chain polyamines) has mainly relied on laborious biochemical analyses and has only allowed for the identification of biomolecules that are permanently associated with the biosilica. Recently, transcriptomics and proteomics approaches have led to the identification of numerous candidate proteins potentially involved in silica formation (6) (7) (8) . However, none of the known silaffins or silacidins were identified in these functional genomics studies demonstrating their limitation for discovering proteins that are directly involved in silica biogenesis.
The silaffins are derived from precursor polypeptides containing N-terminal signal peptides for cotranslational import into the endoplasmic reticulum (ER). They have noncomplex amino acid compositions and are rich in serine and lysine residues that become extensively posttranslationally modified, including the phosphorylation of numerous serine residues and alkylation of lysine residues. Silaffins from different diatom species do not exhibit significant sequence homology (3) , thus preventing the use of sequence homology-based tools for the identification of related proteins in diatom genome databases. Here we have developed an amino acid composition-based bioinformatics approach, which enabled the identification of 86 silaffin-like proteins in the genome of the diatom T. pseudonana. Further analysis of the intracellular location of six silaffin-like proteins demonstrated that they are associated with the girdle band region of the cell wall. This region consists of multiple independent but overlapping rings of silica, which together constitute about half of the biosilica cell wall in most diatom species. As the girdle band region is termed "cingulum," we have chosen the name "cingulins" for the six girdle band-associated silaffin-like proteins. Cingulins are integral components of a water insoluble organic matrix (microrings) that exhibits characteristic protein-based nanopatterns, and is endowed with silica-forming activity. Nanopatterned insoluble organic matrices are present also in other diatom species (9 and present work), leading us to suggest that they may represent a common yet previously unrecognized component of the cellular machinery for silica morphogenesis in diatoms.
Results
Identification of Silaffin-Like Proteins. The lack of amino acid sequence homology among silaffins prompted us to investigate the applicability of sequence homology-independent screening methods for the identification of silaffin-like proteins in genome databases. The following two screening criteria, which apply to all silaffins known to date, were used to screen the genome database of the diatom of T. pseudonana: The presence of (i) a ≥100 amino acid domain containing ≥18% serine and ≥10% lysine residues, and (ii) a N-terminal ER signal peptide. The screen retrieved 89 hits including all three previously identified T. pseudonana silaffins (Table S1 ). Among the 86 silaffin-like proteins are 6 proteins of unknown function that exhibit highly repetitive sequence Author contributions: A.S., N.P., and N.K. designed research; A.S., N.P., and S.S. performed research; A.S., N.P., S.S., and N.K. analyzed data; and A.S. and N.K. wrote the paper.
structures, in which silaffin-like regions (KXXK domains, X ¼ S or G) alternate with tryptophan-and/or tyrosine-rich segments (Fig. 1) . For reasons explained below these proteins were termed cingulins. Of the remaining 80 proteins, 42 have no homologs in nondiatom organisms and are of unknown function, (Table S1) .
None of the cingulins exhibits significant sequence similarity to proteins in the National Center for Biotechnology Information (NCBI) database nor the predicted proteomes of the diatoms Phaeodactylum tricornutum and Fragilariopsis cylindrus. Therefore, these two species either lack cingulins, or the function of cingulins may be sequence-independent as appears to be the case with silaffins (3). Both diatom genomes encode several silaffinlike proteins, yet only one in P. tricornutum and three in F. cylindrus are also rich in tyrosine residues, and may thus be regarded as cingulin-like proteins (Table S2) .
Each cingulin contains one RXL domain, which starts (CinY1-3) or ends (CinW1-3) with the tripeptide sequence Arg-X-Leu (X ¼ K, E, Q, R). The Arg-X-Leu motif is also present in the precursor proteins of silaffins, silacidins, and other biosilica-associated diatom proteins, where it is the recognition site for proteolytic cleavage at the C-terminus of the leucine residue (3, (10) (11) (12) (13) . Therefore, it seems likely that cingulins also undergo proteolytic processing, and thus the mature proteins probably lack the RXL domains.
Intracellular Location of Cingulins. To investigate the intracellular location of cingulins, GFP fusion proteins were expressed in T. pseudonana. Analysis by confocal fluorescence microscopy revealed that the cingulin-GFP fusion proteins were located in subsections of the biosilica ( Fig. 2A) . T. pseudonana biosilica has a cylindrical shape and consists of two overlapping half shells (thecae) each containing a circular valve and ring-shaped girdle bands. The girdle bands in the region where both thecae overlap are denoted pleural bands (Fig. 2B) . The cingulin-GFP fusion proteins were exclusively located in the girdle band region including the pleural bands, and were absent from the valves. In contrast, the silaffin fusion protein tpSil3-GFP was present in the valve and proximate girdle bands (valvocopulae), but clearly absent from the pleural bands ( Fig. 2A) . Like tpSil3-GFP, the cingulin-GFP fusion proteins could not be extracted from the biosilica by treatment with hot solutions of sodium dodecylsulfate (SDS) ( Fig. 2A) , which is indicative of an intimate association with the silica (3). These results suggested that cingulins are components of the biosilica, and may exert a different function than silaffin tpSil3. The term cingulum denotes the girdle band region of diatom silica, hence the name cingulins for the girdle bandassociated silaffin-like proteins.
To attempt solubilization of the cingulins, diatom silica was completely dissolved using a mildly acidic solution of ammonium fluoride. This treatment is known to solubilize silaffins, silacidins, and long-chain polyamines (LCPA) (3, 12, 13) , but it failed to solubilize the cingulins as was demonstrated by the following experiments. The ammonium fluoride insoluble material (AFIM) from cingulin-GFP expressing transformants exhibited strong GFP fluorescence, whereas GFP fluorescence in the AFIM from the tpSil3-GFP expressing transformants was drastically weaker (Fig. 2 A and C) . In all cases the cingulin-GFP fusion proteins appeared as fluorescent rings ( Fig. 2A) . Using quantitative fluorophotometry it was determined that 64-100% of the GFP fluorescence present in the isolated biosilica from cingulin-GFP expressing strains was retained in the AFIM (Fig. 2C ). In contrast, only 19% of the GFP fluorescence intensity was retained in the AFIM of the tpSil3-GFP expressing transformant (Fig. 2C) . Treatment of the AFIM with 1% SDS at 55°C did not result in a noticeable decrease in GFP fluorescence. These results were consistent with anti-GFP Western blot analyses of the ammonium fluoride extracts from tpSil3-GFP and cingulin-GFP expressing transformants. The silaffin fusion protein tpSil3-GFP was readily detected in Western blots (Fig. S1) , whereas no signals were observed in the extracts from cingulin-GFP expressing transfor- mants. It was then investigated whether the insolubility of cingulins is a result of an association with the recently discovered chitin-based scaffold in T. pseudonana (14) . The AFIM from the cingulin-GFP expressing transformants contained chitin as was indicated by the strong blue fluorescent staining obtained with the dye Calcofluor White (Fig. S2A) . After removal of chitin by treatment of the AFIM with chitinase, GFP fluorescence was retained, and also the conspicuous ring-shaped structures of the cingulin-containing insoluble material were unaffected (Fig. S2B) . Altogether, these data demonstrated that cingulins are components of an insoluble, chitin-independent, ring-shaped organic matrix that is associated with the girdle band silica of T. pseudonana.
To further characterize the structure of the cingulin-containing organic matrix scanning electron microscopy (SEM) analysis of the chitin-free AFIM was performed. The main components observed were ring-shaped structures and ribbons that exhibited stacks of largely parallel fibers (62 AE 18 nm wide) that merged at specific positions. Along their entire length the fibers were connected by organic material (312 AE 61 nm wide) that was much lighter in appearance ( Fig. 3 A and B) . Ribbon-like structures were also observed that are likely fragments of the ring-shaped structures as they exhibited the same structural features as the microrings. Microrings and fragments thereof were the only discernible features in the AFIM that was prepared from chitinasetreated biosilica. The average diameter of the cingulin-containing fluorescent rings in aqueous suspension (4.5 AE 0.5 μm, n ¼ 81) and the average diameter of the nanopatterned rings observed by SEM (3.6 AE 0.5 μm, n ¼ 80) were essentially identical considering the difference in hydration state. Therefore, we concluded that cingulins are constituents of the nanopatterned microrings, and as a consequence the microrings must be components of the girdle band biosilica in vivo. The nanopatterned structure of the cingulin-containing microrings is dependent on proteins as incubation with pronase (i.e., a mix of proteolytic enzymes from Streptomyces griseus) results in disintegration of the material leaving behind submicrometer-sized globular material (Fig. S3) .
To further investigate the association between the cingulincontaining microrings and diatom silica, protease accessibility experiments were performed. SEM analysis of AFIM isolated from pronase-treated biosilica revealed both intact and partially disintegrated microrings (e.g., fibers that emanate or are detached from microrings) (Fig. S4) , which demonstrates that biosilica-associated microrings are largely protected from proteolytic degradation. This result is consistent with a location of the microrings inside the silica rather than on the surface. Microrings embedded within the silica would be accessible to proteolytic attack through the ∼20 nm sized pores and at the junctions between adjacent girdle bands, which could explain the occurrence of partially disintegrated microrings following pronase treatment. Recent analysis of the cell wall structure of T. pseudonana by ion-abrasive SEM has provided evidence that a continuous layer of organic material is embedded inside the silica of girdle bands (15) . We hypothesize that the cingulin-containing microrings may be the main component of this organic layer.
Silica-Forming Activity of Protein Microrings. The arrangement of the fibers within the microrings strikingly resembles the pattern of the nonporous portions of girdle band silica ( Fig. 3 B and C).
To investigate whether the microrings may be involved in deposition and morphogenesis of girdle band silica, we analyzed the effect of microrings on metastable silicic acid solutions in vitro. In the presence of microrings silica formation increased over a period of 120 min (Fig. 4A) . When a synthetic long-chain polyamine (polypropylenimine hexadecaamine dendrimer DABAm-16) was included, the speed of silica formation was drastically increased during the early stages of the reaction yielding 9.0 times and 3.1 times more silica after 10 and 20 min, respectively. After 120 min silica precipitation in the presence of polyamine had increased by a factor of 1.3 compared to the polyamine-free system (Fig. 4A ). In the absence of the microrings no silica was precipitated within 120 min regardless of whether polyamine was present or not. The polyamine-induced enhancement of the silica precipitation activity was likely due to electrostatic binding of the polycationic polyamine to the microrings, which exhibited a negative surface charge (zeta potential ζ ¼ −19.4 mV at pH 5.5). Based on results from model studies in the polyamine/silicic acid/silica system (16-18), we hypothesize that microring-bound polyamine molecules may act through concentrating silicic acid molecules on the microring surface, and catalyzing silicic acid polycondensation.
SEM analysis was performed to investigate the structures of the microrings after incubation with silicic acid in vitro. Energy dispersive X-ray spectroscopy (EDXS) detected Si only on the microrings but not in the surroundings confirming that the microrings became mineralized (Fig. S5) . The structures of the mineralized microrings were identical both in the presence and absence of polyamines (Fig. S6) . In each case the silica appeared to be primarily deposited along the fibers yielding strips of silica resembling the nonporous parts of girdle bands (Fig. 4B) . This was confirmed through analysis by atomic force microscopy (AFM), which demonstrated that the thickness of the fibers increased by about 5 nm (from ∼6 to ∼11 nm) during silica deposition whereas the thickness of the remaining areas of the microrings increased only by about 1 nm (from ∼2.5 to ∼3.5 nm) (Fig. 4C) . Structures akin to the porous parts of girdle band silica were not observed in the microrings before or after remineralization suggesting that the components required for pore formation were lacking in the assay.
Discussion
The present work describes an insoluble organic matrix from diatom biosilica that exhibits species-specific nanopatterns and silica-forming activity. Previously, a chitin-based network from the AFIM of T. pseudonana biosilica has been described (14) , yet proof for its involvement in silica morphogenesis is lacking. In our AFIM preparations we did not observe the chitin-based network, which may have become degraded during chitinase treatment of the biosilica (necessary to remove secreted chitin fibers) prior to preparation of the AFIM.
Silica-associated insoluble organic matrices are not a peculiarity of T. pseudonana. In 1966 Volcani and coworkers described the existence of an insoluble organic matrix associated the biosilica of the diatom Navicula pelliculosa, and interpreted it as an "organic skin" that covers the entire silica of the valve (9) . An involvement of this material in silica deposition was not investigated, and it was assumed to serve as a protective coating against silica dissolution (9) . In the present study we identified silica-associated organic matrices with nanopatterns characteristic of the valve and girdle band silica also in the diatom Coscinodiscus wailesii (Fig. S7) . The valve-associated organic matrix from C. wailesii exhibited silica-forming activity in vitro suggesting an involvement in silica morphogenesis (Fig. S8 ).
Early models for diatom silica formation have postulated the existence of an insoluble organic matrix as a template for silica morphogenesis (19, 20) , yet previously only soluble silica-forming biomolecules have been identified from diatoms (3, 12) . Therefore, morphogenesis models have focused on the ability of soluble biomolecules to form phase-separated supramolecular assemblies as templates for porous silica patterns (3, 21, 22) . However, such models were unable to explain the biogenesis of silica morphologies containing combinations of both porous and nonporous silica nanopatterns, which is characteristic for the biosilica of most diatom species. The discovery of the cingulin-containing organic matrix from T. pseudonana offers an immediate explanation. The insoluble organic matrix may act as a nanopatterned template for the deposition of nonporous silica structures along "preferred sites" that exhibit silica-forming activity, which has been demonstrated here for the fibers of T. pseudonana microrings. The regions in between the preferred sites may promote the self-assembly of supramolecular aggregates of soluble biomolecules (e.g., silaffins, silacidins, LCPA) that are hypothesized to template porous silica patterns (3, 21) . This model can be experimentally tested by (i) investigating the physical interactions between the insoluble organic matrix and the soluble silicaforming biomolecules, and (ii) analyzing the silica structures that are formed in vitro by such multicomponent systems.
The apparent lack of an insoluble organic matrix associated with the valve silica of T. pseudonana is surprising. However, it is possible that the previously described silica-associated chitinbased network (14) , may serve as a scaffold for the attachment of silica-forming proteins, thus constituting a nanopatterned silica-forming matrix involved in morphogenesis of the valve. It was demonstrated that the chitin-based network is associated with other biomolecules, however, no information is available regarding its silica formation activity (14) . Analysis of a possible function of the chitin-based network in silica biogenesis requires determination of its location within the biosilica, and studying its silica-forming activity in the absence and presence of soluble silica-associated components (e.g., silaffins, silacidins, LCPA).
Elucidating the molecular mechanism for morphogenesis of T. pseudonana girdle band silica will require a fundamental understanding of the pathway for assembly of the nanopatterned microrings. Each microring is derived from the girdle bands of an entire epi-or hypotheca, which is evident from the width of the microrings and the presence of multiple fibers each corresponding to the rim of a single girdle band. Therefore, biosynthesis of a microring must be accomplished by fusion of nanorings, with each nanoring templating the biogenesis of the silica of an individual girdle band as is schematically depicted in Fig. 5 . Formation and intracellular positioning of the ring-shaped girdle band silica deposition vesicle (SDV) is presumably under control of the cytoskeleton (23) . Therefore, the cytoskeleton may determine the 3D microarchitecture of the microrings, whereas the nanopatterning may be achieved by processes in the lumen of the SDV, which involve self-assembly of the cingulin-containing insoluble organic matrix, LCPA, and other as yet unidentified soluble components.
The assembly of a nanoring in the SDV lumen may be driven by hydrophobic and π-π-interactions between the tyrosine-/tryptophan-rich domains of cingulins. Additionally, ionic interactions are likely to occur as cingulins are rich in charged amino acid residues, and the predicted isoelectric points of CinY3 (pI ¼ 5.1) and CinW2 (pI ¼ 5.4) are acidic, whereas the isoelectric points of the other four cingulins are basic (between pI ¼ 9.1-9.5). This situation is reminiscent of the assembly of keratin fibers, which are composed of heterodimers bound together by hydrophobic interactions between a type I (acidic pI) and a type II (basic pI) polypeptide (24) . We speculate that the fibers of the microrings may be composed of hetero-multimeric cingulin filaments that exhibit silica precipitation activity mediated by the silaffin-like KXXK domains. This intriguing possibility can be experimentally addressed through determining the distribution of individual cingulins within a microring structure (e.g., by immunogold labeling), and analyzing the silica precipitation activity of KXXK domains isolated from proteolytic fragments of microrings.
Understanding the molecular structures and self-assembly mechanisms of the nanopatterned organic matrices from diatoms may open the path for in vitro syntheses of designed nanopatterned protein scaffolds. Through the use of self-assembling proteins that contain peptide domains with desired mineral forming activities (25) it should become possible to generate biomimetic organic-inorganic hybrid materials with tailored 3D structures for a wide range of applications in nanotechnology.
Materials and Methods
Culture Conditions. Axenic T. pseudonana clone CCMP1335 and transgenic T. pseudonana strains were grown in the artificial seawater medium according to the protocol from the North East Pacific Culture Collection (http://www3.botany.ubc.ca/cccm/NEPCC/esaw.html) at 18°C under constant light.
In Silico Screen for Silaffin-Like Proteins. The translated and filtered gene models of T. pseudonana (Thaps3_chromosomes_geneModels_Filtered-Models2_aa.fasta) (26) were downloaded from the genome database of the Joint Genome Institute (http://genome.jgi-psf.org/Thaps3/Thaps3.home.html).
To identify proteins carrying a domain ≥100 amino acid residues with ≥18% serine and ≥10% lysine, the amino acid compositions were calculated within a sliding window of variable size (window size increased in steps of one amino acid from 100 to 2,000 amino acids). Proteins matching the selection criteria were further screened for the presence of a signal peptide using the SignalP V3.0 software for eukaryotes (27) . Positive hits required that both algorithms, Neural Networks (NN) and Hidden Markov Models, predicted a signal peptide, and that the Y-score of the NN algorithm exceeded a value of 0.5.
Cloning of Cingulin cDNAs and Construction of Cingulin-GFP Expression Vectors.
The transcription starts and ends (5′-end and 3′-end) of cingulins were determined by 5′-and 3′-RACE (rapid amplification of cDNA ends) PCR and the intron/exon structure was determined by reverse-transcription PCR using a T. pseudonana cDNA library (see SI Appendix). For the construction of cingulin-GFP expression vectors, the cingulin genes were PCR amplified from genomic DNA of T. pseudonana and cloned into the expression vector pTpNR-GFP/ fcpNat (see SI Appendix, Materials and Methods for details). Sequencing of the amplified genes and cloned cDNAs revealed for some cingulins multiple missense mutations, nucleotide insertions and deletions compared to the genome gene models (see SI Appendix, Materials and Methods for details). Tyrosine-rich cingulins were cloned into pTpNR-GFP/fcpNat without the C-terminal RXL domain as this domain is likely to be missing in mature cingulins. The CinW3 gene inserted into pTpNR-GFP/fcpNat lacked the gene region that encodes the C-terminal 19 amino acids. Preparation of Protein Microrings. Biosilica was isolated as previously described (28) with slight variations (see SI Appendix, Materials and Methods for details) and treated with chitinase (Streptomycis griseus, Sigma-Aldrich) until it was free of chitin as determined by calcofluor white staining (see SI Appendix, Materials and Methods for details). Biosilica was dissolved using acidified ammonium fluoride solution as previously described (29) . The protein microrings were pelleted by centrifugation (14;000 × g, ambient temperature) for biochemical assays or deposited on gold coated filter membranes for electron microscopy.
Fluorophotometry. Quantification of GFP fluorescence was performed using a spectrofluorophotometer (Shimadzu RF-5301PC, Shimadzu Scientific Instruments) at excitation wavelength 485 nm, and emission maximum 510 nm. The slit width at both wavelengths was 5 nm. Details of the preparations of samples are described in SI Appendix, Materials and Methods.
Fluorescence Microscopy. Confocal fluorescence microscopy imaging was performed using an inverted Zeiss LSM 510 laser scanning microscope as previously described (30) . Epifluorescence microscopy imaging was performed on a Zeiss Axiovert 200 microscope, equipped with a GFP longpass filter set (Ex: 450-490 nm, beam splitter FT 510 nm, Em: LP515, Zeiss), a Piston GFP bandpass filter set (Ex: HQ470/40x, Dichroic Q495LP, Em: HQ515/30M, Chroma Technology Corp.) and a DAPI bandpass filter (Ex: G365, beam splitter: FT395, Em: BP445/50, Zeiss). For size measurements in digital images the software ImageJ was used.
Scanning Electron Microscopy (SEM). Samples containing isolated biosilica or microrings were rinsed extensively with H 2 O and air-dried. SEM analysis was performed on a LEO1530 field-emission scanning electron microscope equipped with EDXS capability (Oxford Instrument). The acceleration voltage was set to 1 and 5 kV during imaging and EDXS, respectively.
Atomic Force Microscopy (AFM).
A suspension of cell walls in H 2 O (100 nmol of SiO 2 ) was mixed with 75 μL acidified ammonium fluoride solution as previously described (29), incubated for 5-10 min, and washed three times with H 2 O by centrifugation. The final pellet was resuspended in water. For AFM analysis a drop of the suspension was placed on a polished silicon wafer (about 1 cm 2 ) and air-dried. For remineralization of the microrings a silicic acid solution (100 mM silicic acid, 50 mM Na acetate pH 5.5) was added to the AFIM suspension. After incubating for the indicated times the suspension was washed three times with H 2 O by centrifugation. For AFM analysis a drop of this suspension was placed on a silicon wafer and air-dried. AFM imaging was performed in tapping mode using a Dimension V (Veeco Instrument Inc.) instrument equipped with silicon cantilevers with a probe radius of 10 nm (NSC36, Micromasch) and spring constant of 0.6 N∕m. The AFM raw data were analyzed by using Gwyddion software (version 2.20, Czech Metrology Institute).
Silica Formation Assays. Silica precipitation assays with protein microrings was performed in 50 mM sodium acetate pH 5.5 using orthosilicic acid (100 mM final concentration) that was freshly prepared from tetramethyl orthosilicate as described previously (31) . For silica formation assays in the presence of synthetic polyamines the polypropyleneimine dendrimer DAB-Am-16 (Sigma-Aldrich) was added to the microrings prior to the addition of silicic acid. The silica content of biosilica preparations, and of microrings before and after silica formation assays was determined by the β-silicomolybdate method (32) . For sensitive analysis of silica content in microring suspensions the method according to Baumann (33) was used.
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Materials and Methods
Cloning of cingulin cDNAs. Synthesis of a T. pseudonana cDNA library coupled to oligo(dT) 25 magnetic beads (Invitrogen, USA), and 5"-and 3"-rapid amplification of cDNA ends (RACE) PCR of cingulin cDNAs was performed as described previously (1).
Oligonucleotides for RACE PCR were deduced from the sequence of the cingulin gene models in the T. pseudonana genome database (see SI table 1 for protein IDs).
Cingulin-specific sense primers for amplifying the 3"-end of cinY1 were 5"-GAC GAT TAC ACT CCT TCC AC-3" (first PCR) and 5"-CGA TTA CTC TCA TTC CAC CAA C-3" (second PCR), of cinY2 were 5"-ATG ACG GAC ATG GAT ATG G-3" (first PCR) and 5"-GGA GAA ATA GAA GGT TGG G-3" (second PCR), of cinY3 were 5"-GCA AGG GTG AGG GAT ACC A-3" (first PCR) and 5"-GGA TAC CAC ATG TTC CAT GAC A-3" (second PCR), of cinW1 were 5"-GAC ATG GAG ACT GGT CTG AC-3" (first PCR) and 5"-GCT GGG GCG GTG ACT AC-3" (second PCR), of cinW2 were 5"-GGG GAG GAC ACT ACG ATG T-3" (first PCR) and 5"-CGA TGT TGA TGT TGA TGA TGA TGA T-3" (second PCR) and of cinW3 were 5"-AGT GGA GCC GGA GCT GAT-3" (first PCR) and 5"-GTT GGG AGG CCG ATG GAT-3" (second PCR).
Cingulin-specific sense primers for amplifying the 5"-end of cinY1 were 5"-AAT GGA GTT GGT GCG AGG G-3" (first PCR) and 5"-GCG AGG GTT TTG TTG GTG C-3" (second PCR), of cinY2 were 5"-TCG TCG TAG GAA CCC C-3" (first PCR) and 5"-CGG GAG TTT GCT CCG-3" (second PCR), of cinY3 were 5"-CGT AGG AGT ACT GCG G-3" (first PCR) and 5"-GCT GTT CGG CCG TGC C-3" (second PCR), of cinW1 were 5"-TCC TTC CCA GAC CCA GTG-3" (first PCR) and 5"-GAC CAT CCA TCA TCG CTC C-3" (second PCR), of cinW2 were 5"-ATG TAC ACC CAG TGG CCG T-3" (first PCR) and 5"-TGG AGT AGT CTC CTC CCC-3" (second PCR) and of cinW3 were 5"-CCC ATC CAC TGA CCC AGT-3" (first PCR) and 5"-CAT CCA TCG TCA CTC CAG TC-3" (second PCR).
To experimentally validate the predicted intron/exon structures of cingulins, reverse-transcription PCRs were performed from the T. pseudonana cDNA library using cingulin-specific oligo pairs. The deduced amino acid sequences derived from the amplified genes of CinY2, CinY3, and CinW2 perfectly matched the sequences of the corresponding gene models in the T. pseudonana genome database. The amino acid sequences derived from the other amplified cingulin genes contained multiple sequence differences compared to the genome derived gene models.
All PCR products were ligated to vector pJet1.2 (Fermentas, USA) and sequenced.
Construction of cingulin-GFP expression vectors.
To construct pTpNR-GFP/fcpNat(-KpnI) for expression of C-terminal GFP fusion proteins under the control of the nitrate reductase promoter, the egfp gene was amplified by PCR from a plasmid using sense primer 5′-ATC GCA TGC GGT ACC GGC GGA ATG GTG AGC AAG GGC GAG G-3′ (SphI site in bold; KpnI site underlined) and antisense primer 5′-GAA TGC GGC CGC TTA CTT GTA ACA GCT CGT CCA TG-3′ (NotI site underlined). The PCR product was ligated with the EcoRV and NotI sites of the vector pTpNR (2) in which the KpnI site had been destroyed. The resulting plasmid, pTpNR-GFP, consisted of the regulatory sequences of the NR gene flanking the egfp gene, which carries a 5′ extension containing three unique restriction sites (EcoRV, SphI, and KpnI) allowing for the in-frame insertion of genes. For insertion of the nourseothricin resistance cassette fcpNat(-KpnI) into plasmid pTpNR-GFP, a nat gene without the internal KpnI site was generated by PCR using the oligonucleotides (5"-GAA TGC GGC CGC TCA GGG GCA GGG CAT GCT CAT G-3"; 5"-ACC AAA ATG ACC ACT CTT GAC GAC ACG GCT TAC CGT TAC CGC ACC AGT-3") (NotI site underlined). The PCR product was ligated to EcoRV and NotI digested vector pTpfcp (2) resulting in plasmid pTpfcp/nat(-KpnI). The fcpNat(-KpnI) DNA fragment was cut out of plasmid pTpfcp/nat(-Kpn) using HindIII(blunt) and XbaI and ligated to the SmaI and XbaI digested vector pTpNR-GFP resulting in the final plasmid pTpNR-GFP/fcpNat(-KpnI). For expression of the tpSil3-GFP fusion protein, plasmid pTpSil3-GFP was constructed by replacing the regulatory sequences of the fcp gene (3) with promoter and terminator regions of the tpSil3 gene. To construct this plasmid the 5"-end of the tpSil3 gene together with 820 bp of the tpSil3 promoter region were amplified from gDNA using the oligonucleotides 5"-GTG TGG GTG GGA TGA GGA G-3" and 5"-GAA TAT GAG AAT GAT GCA TGG C-3". The 1165 bp PCR product was digested with XhoI and inserted into the XhoI site of pTpfcp/Sil3-GFP (3), resulting in plasmid pTpSil3-GFP/fcp t . The tpSil3 terminator was amplified from gDNA using oligonucleotides 5"-GAA TGC GGC CGC GTT CAT CAT CTT CAT ATC GTA TG-3" and 5"-TGG GCG TTG GAG GTG GAG-3" that introduced a NotI site (underlined). The 551 bp PCR product was digested with NotI and inserted into the NotI/SmaI site of pTpSil3-GFP/fcp t resulting in the target plasmid pTpSil3-GFP.
Transformation of T. pseudonana and selection of transformants was performed as described previously (2) .
Biosilica isolation. Biosilica from T. pseudonana wild-type cells was isolated as described previously (1) . Biosilica from T. pseudonana strains expressing GFP fusion proteins was isolated using a slightly modified protocol as is described in the following. Microring-induced silica formation. To study the formation of silica on microrings deposited on gold-coated polycarbonate filters, sodium acetate pH 5.5 (50 mM final concentration) and silicic acid (100 mM final concentration) were mixed immediately prior to immersion of the filter in this solution. After the desired incubation time at ambient temperature, the solution was pulled though the filter, the filter was washed extensively with H 2 O, air dried, and subjected to scanning electron microscopy.
For silica formation in the presence of polyamines the silicic acid/sodium acetate pH 5.5 solution was mixed with DAB-Am-16 immediately prior to immersion of the membrane.
For both silica formation experiments in suspension and on the membrane the ratio of polyamine to microring was identical (1 mol of polyamine per 2,000 microring units; 1 microring unit corresponds to 1 mol SiO 2 in the biosilica from which the microrings were isolated). Table S1 . Silaffin-like proteins from T. pseudonana. Table S2 . Predicted cingulin-like proteins from P. tricornutum (6) and F. cylindrus (6) .
The predicted proteomes of both diatoms were screened for silaffin-like proteins using the algorithm described in the present work. Cingulin-like proteins were manually identified from the list of silaffin-like proteins using the following criteria: >5 % Y for CinY-like proteins, >3 % W and >2 % Y for CinW-like proteins.
Diatom species Protein ID Comments
P. tricornutum shown.
